The cubic FeS2 (Pyrite) films are prepared by chemical bath deposition method (CBD) at different iron ion precursor concentrations that varying from 2.0 M to 0.5 M. X-ray diffractograms revealed that the presence of (110) plane, corresponding to marcasite structure, and (106) and (304) planes, corresponding to FeS (Triolite) phase are observed along with the pure pyrite phase (200) at higher concentrations of iron. The films deposited at 1.0 M concentration has strong (200) and (023) planes related to pure pyrite phase. This is confirmed by the Raman measurements. It is observed that the molar concentration of the precursor plays an important role in controlling the morphology of the films. FTIR spectra shows the existence of -OH, -CH stretching of -CH2 vibrations modes. The optical absorption coefficient is > 104 cm -1 in the visible spectrum, indicating that this material is exploitable as solar cell absorber and found to be optically isotropic. The studies revealed that the precursor concentration of Iron has a significant effect on the behaviour of FeS2 films. A detailed analysis of the results with appropriate discussion is presented.
Introduction
Iron-based sulphides are found to exist in a variety of iron or sulphur deficient forms, which have implications on their mining and geochemical processing [Vijay Kumar Gudelli et al (2013) ]. Among the iron based sulphides, FeS2 is the most abundant natural mineral, and is available in two closely related polymorphic structures, viz., marcasite and pyrite. Marcasite FeS2 is the commonly available mineral in hydrothermal systems and in sedimentary rocks, whereas pyrite FeS2 is the most abundant mineral on earth's surface. Several works have been reported in the past to investigate the similarities and differences between marcasite and pyrite crystal structures. The cubic FeS2 (Pyrite) is the most widespread metal sulphide as an absorber layer for thin film solar cells due to its high optical absorption coefficient and suitable band gap [Yamoto et al (2003) ] . It is the most popular material for photovoltaic applications in terms of material extraction cost, leading to a significantly lower cost per kilowatt-hour produced when compared to other materials. This is one of the environmental friendly semiconducting materials that minimize the fabrication cost of the industrial grade solar cells. Various phases of FeS2 such as mackinawite (tetragonal), triolite (hexagonal), pyrrhotite (monoclinic), smythite (hexagonal), pyrite (cubic) and marcasite (orthorhombic) have been reported, so far. Iron pyrite is found to be more attractive both in terms of cost and availability to be used in thin film technology. A variety of methods are reported on synthesis of FeS2 thin films, which include chemical vapour deposition, flash evaporation, molecular beam deposition, spray pyrolysis, chemical bath deposition (CBD) etc [Bronold et al (1997) ]. Among them, CBD is an inexpensive, highly feasible method with which large area deposition is possible. Novelty of this chemical method lies in the fact that the reactivity of iron ion precursor is high enough to produce pyrite thin films when treated with thiourea. Triethanolamine (TEA) and Ethylene Diamine Tetraacetic Acid (EDTA) are generally used complexing agents. In the present work, FeS2 films are synthesized by chemical bath deposition method using iron sulphate and thiourea as precursors. Ammonia with EDTA is used as a novel complexing agent for the first time. The films are deposited with different precursor concentrations of iron ion keeping all the other parameters constant. Shuling fabricated FeS2 by solvothermal method and studied the adsorption and photocatalysis performance of pyrite. Berry et al (2012) deposited the pyrite thin films by CVD along with sulfurization of the films. They reported that the films have an indirect band gap of 0.97±0.05 eV. Liu et al (2005) reported that the absorption coefficient in high absorbing region is decreasing with the increase of film thickness. ~ 500⁰ C for 30 min, only pyrite phase of FeS2 is successfully obtained. The work reveals that, the film deposited at iron ion precursor concentration 1.0 M has pure pyrite phase as observed from XRD, Raman and FTIR studies.
Experimental
Iron sulphate (FeSO4.9H2O) and Thiourea (CH (NH2)2) are used as precursors with NH3 and EDTA as complexing agents. Sodalime glass plates are used as substrates. In order to obtain good quality films, the substrates are cleaned using the standard cleaning procedures reported in literature [ ]. The reaction bath contains 10 ml of FeSO4.9H2O, 10 ml of CH(NH2)2, 3ml of NH3 and 5 ml EDTA solution. 20 ml of distilled water is added to the bath and stirred well. Four sets of films are prepared by varying the iron ion precursor concentration ranging from 2.0 M to 0.5 M. A bath temperature (tb) of 70°C with a deposition time (td) of 60 minutes is maintained for all the depositions. The as-deposited films are removed from the beaker, cleaned using distilled water and dried in a hot air oven. Structural analysis of the films is carried out by using Siefert X-ray diffractometer (model: 3003 TT) with Cu-Kα radiation source (wavelength, λ = 1.542 A°) and Lab Ram HR 800Raman spectrometer. Surface morphology and chemical composition of the films are carried out using Carl Zeiss Scanning Electron Microscope (EVO MA 15) attached with Oxford (Inca Penta FET x3) X-ray energy analyzer. Optical absorption studies are carried out using Perkin-Elmer Lambda 950 UV-Vis-NIR spectrophotometer. Fourier Transform Infrared (FTIR) measurements are carried out with Nicolet Model 400D spectrometer operating in the wavenumber range of 4000-1500 cm -1 .
Results and Discussions
The XRD patterns of FeS2 films synthesized at different precursor concentrations are illustrated in Fig.1 . The narrow and sharp peaks of XRD pattern revealed that the films are well crystallized. When the concentration is 2.0 M, it is observed that the material shows a mixture of Fe-S compounds mainly marcasite with the (110) plane, the FeS (triolite) with (106) and (304) planes and a small amount of pyrite phase with the (200) plane. The intensity of triolite peak is stronger than that of the marcasite and pyrite phases at this concentration. In order to convert other phases of FeS2 to pyrite phase, the precursor concentration is decreased subsequently. Also, at 1.5 M concentration, the FeS (triolite) and marcasite peak intensities are decreased and the peak intensity of pyrite phase became stronger. As the concentration is decreased to 1.0 M, a single pyrite phase (JCPDS 42-1340) without any marcasite and triolite phases is observed. This may be due to the sufficient number of Fe 2+ ions to react with thiourea to produce FeS2. These results are in good agreement with that reported by other research group [DongyunWan et al (2003) ].
Further decrement in the concentration to 0.5 M leads to poor crystallinity of the material along with the presence of triolite and marcasite phases. This is probably due to decomposition of pyrite phase at such concentrations. Raman spectroscopy is applied to further confirm the purity of FeS2 films because Raman technique has the capability to distinguish different iron sulphide phases (FeS, pyrite and marcasite) and it has the capability of detecting lower impurities than XRD. From Fig.2 , it is observed that at higher concentrations Raman bands for both marcasite (at 218 cm -1 ) and triolite (at 250 cm -1 ) are observed along with pyrite phase (376 cm -1 ). These values are in agreement with the reported data [Sean Seefeld et al (2013) ]. However when the concentration is reduced to 1.0 M, no sign of other phases except the pyrite phase is observed with peaks present at 340 and 396 cm -1 . These peaks have disappeared and the peaks corresponding to other phases are observed at the concentration 0.5 M. This may be due to insufficient concentration of the iron ion in the reaction bath. Thus, Raman studies confirm the results obtained from XRD and well matched with the reported values of pyrite phase. The SEM images of the films reveal that the films grown at higher concentration had irregular shaped grains. Prior to decreasing the concentration from 2.0M, these films consists of densely packed, but small grains of pyrite mixed with a substantial fraction of marcasite and triolite phases. However, regular and uniformly distributed pyrite particles with small grain size appear at 1.0 M concentration as shown in Fig.3 . The decrement process from 2.0 M to 1.0 M converts these phases to pyrite phase, resulting in significant grain growth. The grain sizes determined by SEM are in good agreement with the literature and it proved to be the favourable morphology for efficient charge collection in future pyrite solar cells. The FTIR spectra of FeS2 films are shown in Fig.5 . The films exhibit a peak at 3741 cm -1 which is assigned to the -OH stretching mode. It is also found that a band at 2925 cm -1 , which can be assigned to the C-H stretching modes. The weak band at 1515 cm -1 is due to symmetrical deformation of CH2 groups appeared at almost the same wavenumber at 1.0 M [Rath R K et al (2000) ]. 
Conclusions:
FeS2 thin films are successfully grown on glass substrates using chemical bath deposition process at different precursor concentrations. The XRD pattern revealed that the films deposited at 1.0 M concentration has shown sharp peaks and good crystalline with only pyrite phase. Films formed at other concentrations shows secondary phases along with pyrite phase. These observations are also supported by the Raman studies. The deposited films are fairly smooth with small grains and the grain size decreased with decreasing concentration. The films formed at 0.1 M concentration shows a high optical absorption coefficient with a direct band gap of 1.29 eV, which is suitable for solar cell application.
